It has been established that voltage-gated proton channels (VSOP/Hv1), encoded by Hvcn1, support reactive oxygen species (ROS) production in phagocytic activities of neutrophils (El Chemaly et al. 2010 ) and antibody production in B lymphocytes (Capasso et al. 2010) . VSOP/Hv1 is a potential therapeutic target for brain ischemia, since Hvcn1 deficiency reduces microglial ROS production and protects brain from neuronal damage . In the present study, we report that VSOP/Hv1 has paradoxical suppressive role in ROS production in microglia. Extracellular ROS production was lower in neutrophils of Hvcn1 À/À mice than WT mice as reported. In contrast, it was drastically enhanced in isolated Hvcn1 À/À microglia as compared with cells from WT mice.
It is essential for phagocytes to produce an appropriate level of reactive oxygen species (ROS) in many different situations, since ROS can function as double-edged sword; it not only attacks harmful pathogens such as bacteria but also injures host tissues. Microglia, the resident immune cells in brain, also produce ROS and contribute to normal brain function in many aspects (Atkins and Sweatt 1999; MarinTeva et al. 2004; Hu et al. 2006; Kishida et al. 2006) . In cerebellum, for example, microglia actively produce superoxide anions to promote programmed cell death of developing Purkinje cells (Marin-Teva et al. 2004) . On the other hand, accumulating evidence suggests that microglial ROS production can function as proinflammatory mediators to exacerbate the neuronal damage in neurodegenerative disorders or ischemic stroke (Block et al. 2007) . Other studies also suggested that oxidative stress in brain progresses as the animal ages (Liu et al. 2012 ) and the age-related oxidative damage appears to be involved in cognitive deficits of aged animals (Liu et al. 2003) . Therefore, it is important to understand detailed regulatory mechanisms of microglial ROS production.
Voltage-gated proton channel (VSOP/Hv1), encoded by Hvcn1, is one of important molecules that regulate ROS production in phagocytes (Ramsey et al. 2009; DeCoursey 2013) . VSOP/Hv1 is mainly expressed in immune cells such as neutrophils, macrophages, B lymphocytes and T lymphocytes (Sasaki et al. 2006 (Sasaki et al. , 2013 Okochi et al. 2009; Capasso et al. 2010; Petheo et al. 2010) . To generate superoxide anions in these cells, NADPH oxidase transfers electrons from NADPH in cytoplasm, leaving excess protons inside the cells. VSOP/Hv1 exports the excess protons to prevent the acidification and depolarization of the cells which are known to suppress NADPH oxidase activity (DeCoursey et al. 2003; El Chemaly et al. 2010) . Thus, it has been generally accepted that VSOP/Hv1 supports ROS production during respiratory burst in immune cells. Indeed, reduction in ROS production in VSOP/Hv1 deficient mice has been reported in neutrophils (Okochi et al. 2009; El Chemaly et al. 2010 , eosinophils (Zhu et al. 2013) , B lymphocytes (Capasso et al. 2010) , T lymphocytes (Sasaki et al. 2013 ) and macrophage (El Chemaly et al. 2014) . Recently, this scheme of VSOP/Hv1 function has been extended to mouse microglia which also expresses VSOP/ Hv1 Liu et al. 2015; Tian et al. 2016) . The previous studies revealed that microglia of Hvcn1 À/À mice showed lower level of ROS production than that of WT mice both in situ and in vitro experiments. Most notably, Hvcn1
À/À mice showed prominent protective effect on neuronal damage in ischemic stroke model possibly because of reduced oxidative damage derived from microglia Tian et al. 2016) . Thus, VSOP/Hv1 can be a potential therapeutic target for ischemic stroke or other neuropathology Liu et al. 2015) . In spite of its potential importance in neuropathology, the detailed mechanisms of regulatory function of VSOP/Hv1 in microglial ROS production still remain unclear. In this study, to confirm the supportive role of VSOP/Hv1 in ROS generation in detail, we examined primary cultured microglia. Surprisingly, we found that extracellular ROS production is largely enhanced in primary cultured Hvcn1 À/À microglia, indicating an unconventional regulatory role of VSOP/Hv1 in microglial ROS production. Further, the effect of VSOP/Hv1 deficiency on oxidative status of healthy brains and on neuronal damage after brain ischemia depended on age of animals. These results suggest that the regulatory function of VSOP/Hv1 in ROS production is more complex than previously thought and depends on the physiological states of microglia, especially aging of animals.
Materials and methods

Reagents
Phorbol myristate acetate (PMA), zymosan, diphenyleneiodonium, superoxide dismutase (SOD), rotenone, MitoTEMPO, lipopolysaccharide (LPS) and 2,3,5-triphenyltetrazolium chloride (TTC) were purchased from Sigma (St Louis, MO, USA). Jasplakinolide was obtained from Cayman Chemical (Ann Arbor, MI, USA). PMA, diphenyleneiodonium, rotenone or jasplakinolide was dissolved in dimethylsulfoxide at 1.6, 10, 1 or 0.1 mM, respectively, and kept in À30°C. SOD, MitoTEMPO or LPS was dissolved in H 2 O at 10000 U/ mL, 10 mM or 10 mg/mL, respectively, and kept in À30°C.
Animals
In this study, Hvcn1 À/À mice were generated using Cre-loxP system.
To perform homologous recombination, the target vector contained exon 5 of Hvcn1 gene, which was flanked by two loxP sites accompanying 250 bp downstream and 130 bp upstream regions of genomic sequences, and 3.2 kb upstream and 6.9 kb downstream of exon 5. The targeting vector was introduced into RENKA (Mishina and Sakimura 2007) , a C57BL/6N-derived ES (embryonic stem) cell line, by electroporation. After selecting G-418 (150 lg/mL)-resistant clones, genome recombination was confirmed by Southern blotting. The suitable cell lines were injected into blastocysts of ICR mouse strain. Then they were implanted into the uterus of pseudopregnant mothers. Generated loxP mice were crossed with CAG-cre transgenic mice (Sakai and Miyazaki 1997) to generate mice that are deleted exon 5 of VSOP/Hv1 in whole body. Deletion of exon5 is expected to truncate a large portion of voltage sensor domain, ranging from S2 to S4, which disrupts the function of VSOP/Hv1. The mice were back-crossed to C57BL/6 mice at least for three generations. Genotypes were determined by PCR analysis using following primers: forward, 5 0 -GCCTGGCCAGAGATGTTAG-3 0 ; reverse, 5 0 -GGGCAGTGCTCGTGCCTAGA-3 0 . All animal procedures were approved by the Animal Care and the Use Committee of Osaka University (27-079-012) and Niigata University.
collected. All procedures were simultaneously performed with WT and Hvcn1 À/À microglia.
Extracellular ROS measurement from primary cultured microglia and neutrophils After microglia was suspended in~500 lL balanced salt solution containing (in mM) NaCl 150, KCl 5.0, CaCl 2 1.8, MgCl 2 1.2, HEPES 25, and D-glucose 10 (pH 7.4), the number of cells was counted. 100 lL cell suspension was transferred to 96-well microplate and incubated for more than 2 h at 37°C. The level of superoxide anion was monitored by adding 100 lL mixture of chemiluminescence reagent, Diogenes (National Diagnostics, Atlanta, GA, USA). The luminescence was measured using a SH9000Lab microplate reader (Corona Electric, Ibaraki, Japan). The data was normalized to the number of cells. For extracellular ROS measurement from neutrophils, the cells were prepared as reported previously (Aratani et al. 1999) . We estimated the level of superoxide anion by subtracting the superoxide dismutase (SOD)-pretreated data from the original data.
Immunocytochemistry and phalloidin staining of microglia After microglia was attached to 0.01 mg/mL Poly-L-Lysine coated 13 mm diameter round coverslip in 4-well dish, the medium was replaced with balanced salt solution and the dish was incubated for more than 2 h at 37°C. Cells were fixed with 4% paraformaldehyde/ phosphate-buffered saline (PBS) at 4°C overnight. For the primary antibody, rabbit polyclonal anti-Hv1/VSOP antibody (Okochi et al. 2009 (Okochi et al. , 2016 ) diluted 1 : 500 (Fig. 4) (Figs 4b and d, 5a; Olympus, Tokyo, Japan) . Superresolution structured illumination microscopy images were obtained using an ELYRA S1 ( Fig. 4a ; Carl Zeiss, Oberkochen, Germany). In the experiment for staining p67, we pretreated microglia with 100 ng/mL LPS for 2 days in order to enhance p67 expression and visualize the signals.
Image analysis
For image analysis, all confocal images were acquired with the same sensitivity of detection system and the same laser power. To compare fluorescence intensity of F-actin signals between WT and Hvcn1 À/À microglia ( Fig. 4b and c) , the fluorescent intensity of each cell was determined using image J software (NIH). We averaged the values of a number of cells (8-34 cells) in each experiment and used it for statistical analysis. To analyze the p67 distribution, intensity profiles along bars were established both for p67 and F-actin signal around F-actin accumulating areas ( Fig. 5a and b) . The p67 signal intensities of pixels at which F-actin signal peak was determined and used for statistical analysis (Fig. 5c ).
Transient middle cerebral artery occlusion (tMCAO) Transient middle cerebral artery occlusion (tMCAO) has been performed using adult male mice as described previously (Fisher et al. 2009; Wu et al. 2012) . The mice were anesthetized with~5% isoflurane and the aesthesia was maintained by mask inhalation of 2.5-3.0% isoflurane maintained during surgery. Temporal muscle temperature was monitored during surgery and maintained at 36-37°C with an incandescent lamp. Local cerebral blood flow was monitored by attaching a laser doppler (ALF21; Advance, Tokyo, Japan) probe to the right lateral aspect of the skull. We penetrated silicon rubber-coated 7-0 monofilament (Doccol, Sharon, MA, USA) into internal carotid artery from common carotid artery. The occlusion of MCA was confirmed by a drastic decline of cerebral blood flow to < 20% of the basal value. Reperfusion was performed by removing the filament 30 min or 2 h after the occlusion.
TTC staining 24 h after initiation of the surgery, mice were anesthetized with isoflurane. Ice cold 0.9% NaCl was perfused from heart of the animal. The whole brain was dissected out and immersed in ice cold PBS. We made 2.0 mm (only the most rostral slice) and 1.0 mm (all other slices) thick coronal brain slices using brain slicer matrix. After the brain slices were stained with 0.4% 2,3,5-triphenyltetrazolium chloride/PBS for 15-20 min at room temperature, they were fixed with 4% paraformaldehyde/PBS. Four rostral slices were used for the analysis. Infarct size of the right cerebral hemisphere in each slice was calculated by referencing to the size of left cerebral hemisphere.
Real-time quantitative reverse transcription PCR from the mice cerebral cortices Total RNA from male mice cerebral cortices was prepared using TRIzol (Invitrogen, Waltham, MA, USA) according to the manufacturer's protocol. 3-5 lg of RNA was applied to the transcription using SuperScript III First-Strand Synthesis System (Invitrogen) for cDNA synthesis. cDNA was used for the analysis of expression level of the gene by using gene-specific primers (for Nrf2, SE, 5 0 -
Quantitative RT-PCR was performed using KOD SYBR qPCR Mix (TOYOBO, Tokyo, Japan) and ABI PRISM 7900HT (Applied Biosystems, Foster City, CA, USA).
Brain protein carbonyl assay and western blotting
The animals were anesthetized with isoflurane, and they were perfused from the heart with ice-cold PBS. The cerebral cortices were homogenized with ice-cold homogenization buffer (320 mM sucrose, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0). Homogenates were incubated with 1% streptomycin sulfate for 30 min at room temperature and centrifuged at 6000 g for 10 min at 4°C to remove the nuclei acid precipitates. The protein concentration of each sample was determined with Pierce BCA Protein Assay Reagent kit (Thermo Fisher Scientific, Waltham, MA, USA). Protein carbonyl assay was performed using the OxiSelect Protein Carbonyl ELISA kit (Cell Biolabs, San Diego, CA, USA) following the manufacturer's protocol. Absorbance of each sample at 450 nm was read on Multiskan TM FC Microplate Photometer (Thermo Fisher Scientific). Duplicate measurements were performed for each sample. For western blotting experiments, 25 lg protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis after boiling for 4 min, and then transferred to polyvinylidene difluoride membrane. After blocking with 0.5% skim milk, the blots were incubated with a rabbit polyclonal GPX1 antibody (GeneTex, Irvine, CA, USA, diluted 1 : 1000; RRID: AB_2037097) or GAPDH antibody (GeneTex, diluted 1 : 2000; RRID: AB_1080976), respectively. The membranes were washed and incubated with HRP-linked anti-rabbit secondary antibody (GE Healthcare Life Sciences, Pittsburgh, PA, USA, diluted 1 : 2000; RRID: AB_772191). After washing the membranes, the signals were detected with ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences). After image was acquired using CS analyzer system (ver. 3) (ATTO Corporation, Japan), the signal intensity of the band was measured using ImageJ (NIH).
Statistical analyses
Statistical analyses were performed with Prism 6 (GraphPad Software, San Diego, CA, USA). All the data in this study are represented as means AE SEM.
Results
Extracellular ROS production is drastically enhanced in Hvcn1 À/À cultured microglia
In whole-cell patch clamp recording from primary cultured microglia, voltage-gated proton currents were observed from WT microglia (Fig. S1A ), but not from Hvcn1 À/À microglia ( Fig. S1b ), indicating that VSOP/Hv1 is functionally expressed on plasma membrane of cultured microglia in our preparation. Then, we tried to compare the level of extracellular ROS from cultured microglia between WT and Hvcn1 À/À mice.
We first utlized cytochrome C (Okochi et al. 2009) or the tetrazolium salt WST-1 (Tan and Berridge 2000) to measure the extracellular ROS of microglia. However, the sensitivity of these reagents was not enough to detect the amount of ROS production in microglia. Alternatively, we found that Diogenes, a highly sensitive and quantitative chemiluminescence reagent (Yamazaki et al. 2011; Sasaki et al. 2013) can quantitatively and reproducibly detect microglial ROS, and we used this reagent for the assay.
To reconfirm the previous finding that VSOP/Hv1 supports ROS production in neutrophils, the production of superoxide anions by 1 lM PMA from neutrophils was compared between WT and Hvcn1 À/À mice using Diogenes. It was remarkably decreased in Hvcn1 À/À neutrophil than in WT cells as previously reported (Fig. 1a ) (Okochi et al. 2009; Ramsey et al. 2009; El Chemaly et al. 2010 . Next, we induced the production of superoxide anion in the primary cultured microglia by applying 1 lM PMA. Surprisingly, in contrast to the previous reports in other types of immune cells, the ROS production was drastically enhanced in Hvcn1 À/À microglia (p < 0.01, two-way ANOVA; Fig. 1b) .
We also performed the experiments using Hvcn1 gene-trap (Hvcn1-GT) mice which have widely been used as Hvcn1-deficient animals (Okochi et al. 2009 (Okochi et al. , 2016 Ramsey et al. 2009; El Chemaly et al. 2010; Wu et al. 2012; Sasaki et al. 2013; Tian et al. 2016) , and found similar enhancement of extracellular ROS production in Hvcn1-deficient microglia (Fig. S2) . We confirmed that this enhanced ROS in Hvcn1 À/À microglia was completely inhibited by 50 U/mL SOD as is the case with WT microglia, indicating that superoxide anion level is specifically higher in Hvcn1 À/À microglia ( Fig. 2 and Fig. S2 ). It has previously been reported that Hvcn1 À/À B cells had more basal ROS that is diminished by an inhibitor of the electron-transport chain, rotenone, suggesting that mitochondrial ROS contributes to the enhanced basal ROS (Capasso et al. 2010) . However, it is less probable that mitochondrial ROS contributes to the enhanced ROS production in Hvcn1 À/À microglia, because even in the presence of rotenone ROS production was still higher in Hvcn1 À/À microglia ( Fig. 3a) , while rotenone itself strongly suppressed ROS production both in WT and Hvcn1
À/À microglia (In amplitude, WT: by 94.6 AE 2.60%; Hvcn1 À/À : by 86.3 AE 3.81%, n = 4 for each) possibly because of its toxicity. Furthermore, even when we pretreated cells with 20 lM MitoTEMPO, a specific scavenger of mitochondrial superoxide, the enhanced ROS production in Hvcn1 À/À microglia was still observed (Fig. 3b) . PMA, a direct protein kinase C activator, stimulates microglial ROS production but it does not reflect physiological cellular response. Therefore, instead of PMA we applied 0.125 mg/mL zymosan, an insoluble preparation of cell wall from Saccharomyces cerevisiae, to microglia and monitored ROS production during phagocytosis. Again, the superoxide anion production was significantly enhanced in Hvcn1 À/À microglia (p < 0.01, two-way ANOVA; Fig. 1c ).
Thus, we concluded that enhanced extracellular ROS production in Hvcn1 À/À is basic property in primary cultured microglia.
VSOP/Hv1 regulates actin dynamics which is important for ROS production in primary cultured microglia To investigate the functional role of VSOP/Hv1 in primary cultured microglia in more detail, we examined the subcellular localization of VSOP/Hv1. Using super-resolution microscopy, we found that the peripheral localization of VSOP/Hv1 frequently matches to F-actin (Fig. 4a) . Therefore, we compared the intensity of F-actin signal between WT and Hvcn1 À/À microglia population. We found that Factin signal is much higher in Hvcn1 À/À microglia ( Fig. 4b and c). We also confirmed this result by mixing WT and Hvcn1 À/À cells and examining the F-actin signal of VSOP positive (WT) or negative (Hvcn1 À/À ) cells in the same field ( Fig. 4d and e) . Accumulating evidence suggests that the actin dynamics affects the localization of cytosolic NADPH complex subunits (Tamura et al. 2000; Zhan et al. 2004; Chen et al. 2007; Rasmussen et al. 2010) . Therefore, we examined the distribution of p67, a cytosolic subunit of NADPH oxidase, in WT or Hvcn1 À/À microglia. By analyzing localization of p67 to F-actin positive areas, we found that p67 more strongly accumulated at F-actin positive areas in WT microglia compared with Hvcn1 À/À microglia (Fig. 5) . On the other hand, there was no significant difference in total p67 signal between them (Fig. 5c, left panel) . This suggests that VSOP/Hv1 is involved in the translocation of the NADPH oxidase subunit to microfilament in microglia. To examine the relationship between actin dynamics and ROS production in Hvcn1 À/À microglia, we next pharmacologically affected actin dynamics of microglia. When the cells were pretreated with jasplakinolide above 1 nM, which promotes actin polymerization, ROS production of WT microglia was enhanced as previously reported (Rasmussen et al. 2010) (Fig. 6 ). In contrast, jasplakinolide did not promote ROS production in Hvcn1 À/À microglia at any concentration (Fig. 6) . We also pretreated cells with cytochalasin D which causes the disruption of actin filaments. Cytochalasin D drastically and dose-dependently inhibited ROS production of both WT and Hvcn1 À/À microglia ( Fig. S3) , reconfirming the crucial role of actin cytoskeleton in NADPH oxidase activity. Importantly, at lower concentration of cytochalasin D (0.2 lM), it moderately reduced ROS production in WT microglia (In amplitude, by 10.5 AE 3.99%, n = 4), whereas it did not suppress ROS production (In amplitude, rather increased by 11.0 AE 8.63%, n = 4) in Hvcn1 À/À microglia (Fig. S3B) .
Thus, Hvcn1 À/À microglia was more tolerant to an actin destabilizer. Taken together, the altered actin dynamics at least partially underlies the enhanced ROS generation in Hvcn1 À/À microglia in vitro.
Oxidative status of brains in healthy WT and Hvcn1 À/À mice It is well known that physiological state of microglia in vitro experiments is much different from that of in vivo. Specifically, the morphology of primary cultured microglia (amoeboid) is obviously different from that of resident microglia . In contrast to neutrophils, the superoxide anion production was significantly increased in Hvcn1 À/À microglia. *indicates a significant difference: p < 0.05, unpaired t-test.
(branched) (Kettenmann et al. 2011) , suggesting that actin dynamics is different between them. Furthermore, recent reports suggest that with aging resident microglia drastically changes its morphological property as well as physiological and transcriptional properties even in healthy animals (Hickman et al. 2013; Lourbopoulos et al. 2015; Schilling and Eder 2015; Grabert et al. 2016 ). Therefore, it is possible that the regulatory role of VSOP/Hv1 in microglial ROS production depends on ages of animals. We compared the expression level of several antioxidant genes, whose . Data are means AE SEM. *** and **** indicate a significant difference: p < 0.001 and p < 0.0001, respectively. Dunnett's test. expression is generally responsive to oxidative stress, between WT and Hvcn1 À/À cerebral cortices at different ages of healthy animals. qPCR experiments revealed that the expression of Nrf2 is significantly lower in Hvcn1 À/À than WT mice at 1 day, 5 days and 3 weeks (p < 0.01, p < 0.05 and p < 0.05, respectively; Fig. 7a-c) . On the other hand, at 6 months the expression of Nrf2 is slightly increased (p = 0.1025) and the expression of Sod2 and Gpx1 are drastically increased in Hvcn1 À/À mice (p < 0.05 for both; Fig. 7d) . Thus, the expression profiles of oxidative stress responsive genes are reversed with aging in Hvcn1 À/À animals. We also tested GPX1 expression at protein level by western blotting. There was no significant difference in 3-week-old animals between WT and Hvcn1 À/À animals (p = 0.1640; Fig. 8a ). In contrast, expression of GPX1 protein was higher in cerebral cortex of Hvcn1 À/À mice than that of WT mice of 6 months old (p < 0.01; Fig. 8b ). Finally, we estimated the actual oxidative status of the cerebral cortex of Hvcn1 À/À animals at 3 weeks and 6 months by performing a protein carbonyl assay (Dalle-Donne et al. 2003) . We found that protein carbonyl content was slightly increased in Hvcn1 À/À cerebral cortex (p = 0.0766; Fig. 8d ) even with the higher expression of antioxidant genes, Sod2 and Gpx1.
On the other hand, we did not see any difference in the protein carbonyl content between WT and Hvcn1 À/À animals at 3 weeks (p = 0.6062; Fig. 8c ). Neuroprotective effect by VSOP/Hv1 deficiency in brain ischemia is age dependent Above findings suggest that there is an age-dependency in the oxidative status of brains in Hvcn1 À/À mice. Previous reports suggest that VSOP/Hv1 deficiency has neuroprotective effect in cerebral stroke model Tian et al. 2016) . Therefore, next we examined whether there is also an age-dependency in the neuroprotective effect by VSOP/Hv1 deficiency in brain ischemia. We performed tMCAO experiments using young (9-10 weeks old) and aged (6 months old) animals in WT Fig. 9b ) in young animals. Then we performed tMCAO experiments with 30 min occlusion using aged animals. Consistent with the previous reports (Nagayama et al. 1999; Rosen et al. 2005; DiNapoli et al. 2008; Tan et al. 2009; Dong et al. 2014) , there was an age-dependent increase in brain injury area in WT mice (Fig. 9b and c) . Interestingly, infarct volume was still small in aged Hvcn1 À/À animals. Infarct volume in aged animals was significantly smaller in Hvcn1 À/À animals than in WT animals (WT (3 experiments) microglia. We did not see significant difference between them. Right, we compared p67 signal intensity at the Factin peaked positions between WT (3 experiments) or Hvcn1 À/À (3 experiments) microglia. WT microglia showed significantly higher p67 signal intensity at F-actin area, indicating that p67 is more significantly segregated to F-actin area. *indicates a significant difference: p < 0.05, paired t-test.
38.41 AE 6.316% vs. Hvcn1 À/À 18.25 AE 4.896%, p < 0.05, Fig. 9c ). Thus, Hvcn1 À/À animals of this age were more protected from brain damage after ischemic stroke, which is consistent with the previous study . 2 h occlusion experiments with aged animals could not be performed in the present study, since mortality rate was too high in both genotypes (more than 80%) at this stage. Overall, results showed that there is an age-dependency in the effect of VSOP/Hv1 deficiency on neuronal protection in brain ischemia.
Discussion
Extracellular ROS production is drastically enhanced in Hvcn1 À/À microglia in primary culture
In this study, we found that extracellular ROS production is drastically enhanced in primary cultured Hvcn1 À/À microglia (Figs 1 to 3 ). This phenomenon in microglia is paradoxical given that extracellular ROS production is remarkably reduced in isolated Hvcn1 À/À neutrophils (Fig. 1a) and in
Hvcn1
À/À T lymphocytes (Sasaki et al. 2013) . We found that F-actin signal is significantly more intense in Hvcn1 À/À microglia than WT and the regulation of actin dynamics by VSOP/Hv1 appears to contribute to the enhanced ROS production. The previous study suggested that a change in intracellular pH results in rearrangement of the actin cytoskeleton in cultured mouse microglia (Faff and Nolte 2000) . Therefore, it is possible that a local pH change mediated by VSOP/Hv1 contributes to normal homeostasis of actin polymerization in WT microglia and VSOP/Hv1 deficiency causes abnormality in actin organization. Interestingly, there are some reported mechanisms that pH regulates actin dynamics. For example, the activity of cofilin, which severs actin filaments to enhance the dynamics, is known to be regulated by pH (Frantz et al. 2008) . Furthermore, a previous report suggested that submembranous pH regulates Rac1 and Cdc42 (Koivusalo et al. 2010 ). Therefore, it is possible that these machineries are regulated by VSOP/Hv1 activity in microglia. It is also noteworthy that Hvcn1 À/À neutrophils also show more intense F-actin signal than WT neutrophils (El Chemaly et al. 2010 ) similarly, to microglia in the present study. In neutrophils, it has been proposed that VSOP/Hv1 sustain calcium entry by limiting cell depolarization, and the loss of calcium influx in Hvcn1 À/À neutrophils is likely to impair actin depolymerization (El Chemaly et al. 2010) . It is possible that similar mechanism exists in microglia. A growing body of evidence suggests that actin dynamics is important for assembly of NADPH complex subunits, thereby modulating NADPH oxidase activity (Tamura et al. 2000; Zhan et al. 2004; Chen et al. 2007; Rasmussen et al. 2010) . Cytosolic NADPH oxidase subunits in NADPH oxidase assembly are constantly exchanged with new subunits during respiratory burst (Dusi et al. 1993; van Bruggen et al. 2004) , and actin dynamics are believed to be important for this process (Rasmussen et al. 2010) . In the present study, we found that p67, a cytosolic NADPH oxidase subunit, remarkably accumulated at F-actin positive areas in WT microglia compared with Hvcn1 À/À microglia, indicating a tight association of p67 with actin cytoskeleton in WT microglia. Because cytosolic NADPH oxidase components have to be released from actin cytoskeleton for NADPH oxidase assembly (Chen et al. 2007; Rasmussen et al. 2010) , this excess tight interaction of cytosolic NADPH oxidase components with actin cytoskeleton may underlie the lower NADPH oxidase activity in WT microglia. The detailed mechanism underlying enhanced ROS production by altered actin dynamics in Hvcn1 À/À microglia is still unclear. However, since cortical actin cytoskeleton can interact with cytosolic NADPH oxidase subunits, it may function as the scaffolds for recruiting cytosolic NADPH subunits to plasma membrane, Thus, increased cortical actin cytoskeleton may contribute to more efficient ROS production in Hvcn1 À/À microglia. In any case, in the present study, application of jasplakinolide, which promotes actin polymerization, enhanced ROS production in WT but not in Hvcn1 À/À microglia (Fig. 6) . Furthermore, the sensitivity of microglial ROS production to cytochalasin D was slightly different between WT and Hvcn1 À/À microglia (Fig. S3) . These results support the idea that actin dynamics is altered in Hvcn1 À/À microglia, underlying the enhanced ROS production in these cells. It is also important to discuss the charge compensatory mechanism during respiratory burst in cultured microglia, because VSOP/Hv1 contributes to it in neutrophils. Neutrophils are drastically depolarized during respiratory burst because of their large amount of ROS generation (El Chemaly et al. 2010 ) (See also Fig. S4A ). On the other hand, while we performed imaging analysis of membrane potential in primary cultured microglia, increase in signal was not observed either in WT or Hvcn1 À/À cells by PMA stimulation (Fig. S4B) . These results suggest that the depolarization does not occur in cultured microglia during respiratory burst, raising a possibility that the amount of ROS produced by microglia is too small to change the membrane potential of the cells (Nathan and Shiloh 2000) , where it may In contrast, in aged animals (6 month), the cerebral cortex from Hvcn1 À/À mice showed significantly higher expression of Sod2 and Gpx1. * and ** indicate a significant difference: p < 0.05 and p < 0.01, respectively, unpaired t-test.
not be so important for microglia to compensate the charge imbalance. Another possibility is that other mechanisms than VSOP/Hv1 perfectly compensate the charge imbalance during ROS production. In microglia, there are several studies suggesting other charge compensatory mechanisms than VSOP/Hv1 such as voltage-gated K + channels, Ca 2+ -activated K + channels and Cl À channels (Khanna et al. 2001; Fordyce et al. 2005; Thomas et al. 2007; De Simoni et al. 2008) . Future studies will be necessary to define roles of VSOP/Hv1 and other charge compensation pathways in ROS production in microglia.
Aging is an important factor for the regulation of ROS production by VSOP/Hv1 in vivo In this study, we showed that Hvcn1 À/À mice showed strongly higher extracellular ROS production in mouse primary cultured microglia. On the other hand, the previous report showed that ROS production is significantly reduced in Hvcn1 À/À mice in in vivo and brain slice experiments . These results indicate that the regulation of ROS production by VSOP/Hv1 in microglia is more complicated than previously expected. It is highly possible that the directionality of regulation by VSOP/Hv1 is determined by the physiological states of microglia, because it is widely known that microglia undergoes complicated and multifaceted physiological states dependently on the brain environment (Kettenmann et al. 2011) . Indeed, in the present study, we found that expression profiles of oxidative stress responsive genes are completely reversed with aging in Hvcn1 À/À animal's brains (Fig. 7) . This age-dependent difference in expression of oxidative stress responsive genes in Hvcn1 À/À animals may reflect the dual nature of VSOP/ Hv1 in regulation of microglial ROS production. Unfortunately, it is technically difficult to directly measure the extracellular ROS production of microglia derived from old animals. However, considering that expression of antioxidant genes is often up-regulated by oxidative stress (St-Pierre et al. 2006; Ho et al. 2013) , it is possible that the oxidative stress is decreased at young animals and increased at aged animals in cerebral cortices of Hvcn1 À/À animals. Especially, we found that protein oxidization in cerebral cortex was not decreased but slightly increased in aged Hvcn1 À/À animals ( Fig. 8d) 30 min occlusion experiments was obviously increased in aged WT mice compared with young WT mice, while similar tendency was not observed in Hvcn1 À/À animals in this study ( Fig. 9b and c) . Importantly, there are many reports showing that severer neuronal damage is observed in aged animals, compared with younger animals (Nagayama et al. 1999; Rosen et al. 2005; DiNapoli et al. 2008; Tan et al. 2009; Dong et al. 2014) , while the mechanisms underlying it are not fully understood. Given that Hvcn1 À/À animals did not show the age-dependent exacerbation of neuronal cell damage in this study, VSOP/Hv1 can be considered as one of important factors that contribute to age-dependent exacerbation of brain ischemic damage. The changed expression profile of antioxidant genes in Hvcn1 À/À animals appears to contribute to the age-dependent neuroprotection. Previous studies reported that disruption of Sod2 or Gpx1 gene drastically exacerbates the brain damage in MCAO experiments (Crack et al. 2001; Maier et al. 2006) , while over-expression of Sod2 ameliorates the neuronal injury after MCAO (Maier et al. 2006) . Because the expression of both Sod2 (Fig. 7) and Gpx1 (Figs 7 and 8) is remarkably upregulated in cortices of aged Hvcn1 À/À animals, cerebral cortices of Hvcn1 À/À animals are assumed to be more tolerant to oxidative stress. Thus, the present findings shed light on the potential importance of antioxidant genes expression in neuroprotective effect of VSOP/Hv1 deficiency. The previous reports also showed that brain damage is clearly ameliorated by VSOP/Hv1 deficiency in brain ischemia because of reduced ROS production Tian et al. 2016) . However, the authors did not mention the accurate age of animals in these papers. The age is an important factor to examine the significance of VSOP/ Hv1 in regulating oxidative status of cerebral cortex. Overall, the present finding that there is age-dependence in the neuroprotection by VSOP/Hv1 deficiency would be particularly significant in considering VSOP/Hv1 as a target for the therapy in ischemic stroke in future. All experiments were conducted in compliance with the ARRIVE guidelines.
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